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EFFECTS OF ADDITIVES ON PRiSSURE LIMITS OF FLAME 
PROPAGATION OF PROPANE -AIR MIXTURES 
By Frank E. Belies and Dorothy M. Simon 


SUMMARY 

Seven additives in 0.5 -volume -per cent concentration were studied 
for their effects on the low-pressure limits of flame propagation of 
propane -air mixtures. The limits were measured in a flame tube of 
new design. Mixtures containing approximately 2 to 8 percent propane 
by volume were studied. The limit curves were without lobes on the 
rich side and were closely related to quenching-distance data measured 
by the flash -back of a Bunsen flame. 

The data were analyzed by means of the es^erimental curves and the 
Le Chatelier law governing the flammability limits of mixed fuels. 

Ethyl nitrate and chloropicrln were found to be definite promoters 
of flame propagation in rich mlxt\ires. Chloropicrln and methyl bromide 
inhibited propagation in lean mixtures; it was concluded that the 
effect is chemical and that these additives do not act merely as inert 
gases . None of the additives promoted flame propagation in lean mix- 
tures more than could be explained by the contribution of the additive 
to the total fuel in the mixture. Methyl bromide increased the minimum 
pressure for flame propagation and was the only additive that had an 
appreciable effect on the minimum. Carbon disulfide had a large in- 
hibitory effect on flame propagation in lean mixtures, as defined by 
deviations from the requirements of Le Chatelier 's law. 


INTRODUCTION 

It has long been considered important to study catalysts for the 
combustion of fuels . Both positive and negative catalysts are of 
practical importance: the positive type because they may increase the 

heat -release rate or widen the range of stable burning, the negative 
type because they may act as fire -extinguishing agents . 
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There are experimental data that indicate the existence of such 
catalytic effects. In the slow (i.e., flameless) combustion of hydro- 
carbons, the addition of formaldehyde or acetaldehyde to the mixture is 
found to reduce or to eliminate the induction period of the reaction 
(ref. l) . In these cases, the additive acts in a positive manner; that 
is, it promotes the oxidation. On the other hand, hydrogen added to 
mixtures Xif propane and hi^er hydrocarbons in oxygen may act as a 
negative catalyst; under some circumstances, the hydrogen completely 
inhibits the slow combustion of these fuels (ref. l) . tfe-ny other ex- 
amples mi^t be cited. 

In the case of fast burning, striking effects of additives are not 
so numerous . The only agents that have been put to wide practical use 
are tetraethyl lead to inhibit engine knock, varioiis halogen-containing 
compounds to extinguish fires, and dopes to Improve the performance of 
Diesel fuels. Many materials have been tested for promoting effects on 
burning velocity; however, only sli^t changes were observed, and these 
were consistent with the calculated changes in equilibrium active- 
particle concentrations in the flames (ref. 2). Hie influences of 
various agents on the composition limits of flammability at atmospheric 
pressure have also been examined. In one such study, the cases in which 
the lean limit was broadened could be explained by the added heat- 
release due to the burning of the additive (ref. 3). Some definite 
promoting effects on the rich limit were found in the same work. 

Definite inhibiting effects on the composition limits are shown by some 
halogen-containing compounds. Methyl iodide, for example, narrows the 
limits more than would be expected if the additive were merely an in- 
ert gas (refs . 3 and 4) . 

The experiments reported in references 2 to 4 were carried out at 
atmospheric pressure. There is no certainty that the results would 
be the same at reduced pressures. In view of the importance of low- 
pressure burning, particularly in jet-engine combustors, a study of 
the effects of several selected additives on the low-pressure limits of 
flame propagation in propane -air mixtures was undertaken at the NACA 
Lewis laboratory. Low-pressure burning was chosen for study because 
recent work at the Lewis laboratory has improved the understanding of 
pressure limits (refs. 5 and 6); it was anticipated that it would be 
possible to evaliiate the results so as to distinguish between the var- 
ious possible types of additive action. 

The effects of seven additives on the pressure limits of propane- 
air mixtures are reported herein. Each additive was chosen because it 
had been reported to have some effect on other combustion properties 
or because of general interest. All the tests were made in a tube 3.73 
centimeters in diameter; the effects of tube diameter on pressure limits 
are described in reference 5 . The approximate range of propane concen- 
trations studied was 2 to 8 percent by volume. In all the experiments. 
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the additive constituted 0.5 percent by volume of the total mixture of 
propane, air, and additive. Propane was used because of the ease of 
handling and its general similarity in combustion properties to other 
hydrocarbons. The results of the investigation are interpreted with 
the aid of the Le Chatelier or mixture rule governing the flammability 
limits of mixtiires (ref. 7). 


PROCEDURE 

Experimental 

Apparatus . - The apparatus was basically the same as that used to 
study the effect of tube diameter on the pressure limits of propane-air 
mixtures (ref. 5). As in reference 5, a capacitance spark was \ised as 
the ignition source. Three modifications were made in order to carry 
out the present experiments: (l) A tank was provided for the preparation 

and storage of additive-air mixtures} (s) a glass appendix, from which 
liquid additives could be distilled, was attached to the vacuum linej 
(3) a new design of flame tibe was incorporated. 

The flame tiibe -used in this investigation resembled those described 
in reference 5 in that it consisted of an ignition section 8.7 centi- 
meters in diameter and 20 centimeters long attached to a narrower propa- 
gation section. The previously described tubes were of aU-glass con- 
struction, and the two sections were smoothly Joined. It is reported in 
reference 5 that, in a propane -air mixture of a given conposltion, the 
flame initiated in the ignition section either propagated into and 
throughout the length of the narrow tube or was extinguished at its en- 
trance. In this way, it was found that the quenching distance was equal 
to the tube diameter at the pressure limit for propagation of flame in- 
to the tube. It is believed that more precise limits would be obtained 
with an abrupt transition from the ignition section to the propagation 
section, in place of the more gradual taper that was present in the one- 
piece tubes. 

The flame tube was accordingly assembled in three parts (fig. l) . 

The upper end of the Ignition section was waxed into an annular groove 
in the brass adapter. A tapered hole was centered in the adapter to re- 
ceive the matching taper ground on the lower end of the propagation sec- 
tion. The taper Joint was necessary to prevent the tube from sliding 
into the ignition section when the apparatus was evacuated. 

The propagation section itself was a precision-bore, heavy-wall 
glass tube 3.73 centimeters in diameter and 50 centimeters long. Inas- 
much as the flames in these experiments either propagated the length of 
the tiibe or were extingixished at its mouth, it was considered unnecessary 
to use a tube 100 centimeters long. 
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Preparation of propane -air -additive mixt-ures . - The propane-air- 
additlve mixtures vere prepared hy the method of partial pressures; 
ideal gas behavior was assumed. The pressures of propane, air, and addi- 
tive were read on a precision absolute manometer with the aid of a 
cathetometer . 

The additives constituted only 0.5 percent of the total mixture by 
volume. This corresponds to a partial pressure of 3,8 millimeters of 
mercury in a mixture prepared at a total pressure of 1 atmosphere. 
Therefore, in order to avoid the possibility of large error in the addi- 
tive concentration, a 5,0 percent mixture of additive and air was first 
prepared. This mixture was then admitted to the storage carboy to a 
partial pressure of 60 millimeters of mercury; propane was added to the 
desired partial pressure; and finally dried air was let in to bring the 
total pressure to 600 millimeters. The concentration of additive in the 
resultant mixture was thus 0.5 percent by volume, based on the total 
mlxtvire. This procedure could not be followed when chloropicrln (CCI 3 NO 2 ) 

was added, because it has a low vapor pressure; it was therefore neces- 
sary to meas'ure the partial pressure corresponding to 0.5 percent of this 
additive directly on the manometer. Some precision was thereby sacri- 
ficed, but it is believed that the chloropicrln concentration was within 
±1.5 percent of 0.5 percent by volume . 

The air used to make xap the mixtures was passed through Ascarite 
(to remove carbon dioxide) and Anhydrone (to remove water vapor). The 
dew point of the dried air was found to be less than -36° F; it there- 
fore contained no more than 0.03 percent water vapor. 

The pressure limits of binary mixtures of propane and air and of 
additive and air were also determined. These mixtures were prepared in 
the storage carboy according to the procedure described in reference 5. 

Experimental procedure . - The tests were carried out in the manner 
described in reference 5. Most of the pressure limits were established 
to within ±1 millimeter of mercury. That is, two pressTires were foimd 
that differed by 2 millimeters, the hi^er of which permitted flame prop- 
agation throughout the 5. 75-centimeter tube, whereas the lower caused 
extinction at the mouth of the tube. The limit recorded was the average 
of the two pressures. 

Very few cases of erratic flame behavior were noted. The ones that 
were observed occ\3rred with very lean mixtiires, in which the flame was 
sometimes extinguished between the mouth of the 3.73-centlmeter-dlameter 
tube and its iqjper end, and with some rich mixtures of carbon disulfide 
and air. Even in these cases, however, the reproducibility of the pres- 
sure limits was good. 
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Analysis of Data 

A curve of presstire limit for flame propagation in a 3,73- 
centlmeter-diameter tiibe against volume percent propane in the propane- 
additlve-alr mixtiire was plotted for each additive. A reference curve 
for hlnary propane-air mix tures was also determined (fig. 2) . In some 
cases, the mode of action of the additive could he determined hy sinple 
con 5 )arison of these two curves; the presence of the additive caused a 
displacement of the curve for ternary mixtures, with relation to the 
reference propane-air cu 2 rve. The comparison was facilitated hy plotting 
hoth curves on a single graph; examples may he seen in figure 3. 

In the case of combustible additives, the propane -additive -air mix- 
tures contained 0.5 volume percent more fuel than is indicated hy the 
volume percent of propane. In such mixtures, then, the lean limits would 
he expected to he broadened, that is, to lie at lower propane concentra- 
tions than for propane alone. Conversely, the rich limits should he 
narrowed, since the added combustible contributes its own oxygen demand 
in addition to that of propane. 

This method of presenting the data permits immediate detection of 
five types of additive action hy simple conparison of the limit curve 
for mixtures of propane, air, and additive with the curve for propane 
and air : 

(1) If the rich side of the additive curve lies outside (l.e,, to 
the right of) the reference propane-air curve, the additive exerts a 
definite promoting Influence on flame propagation in rich mixtures. This 
is trxie whether the additive itself is comb-ustihle or not, because even 
an inert additive should narrow the rich limit hy replacing some of the 
oxygen. 

0 

(2) If the additive is combustible and the lean side of the additive 
curve lies Inside (l.e., to the right of) the reference propane-air curve, 
the additive exerts a definite inhibiting influence on flame propagation 
in lean mixtures. 

(3) If the additive is Incomibustihle an d the lean side of the addi- 
tive curve lies outside (l.e., to the left of) the reference propane-air 
curve, the additive exerts a definite promoting effect on flame propa- 
gation in lean mixtures, 

( 4 ) If the presence of the additive Increases the minimum pressure 
for flame propagation as compared with the minimum of the reference 
propane-air curve, the additive is an inhibitor of flame propagation in 
mixtures corresponding to the minimum. 
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( 5 ) Similarly, if the presence of the additive decreases the mini- 
mum pressure for flame propagation, the additive acts as a promoter. 

In four cases, decision as to the mode of action of the additive 
cannot he made without further analysis of the data; these cases are: 

(e) If the additive is conibustihle and the lean side of the additive 
curve lies outside the reference propane -air curve, the additive may he 
acting either as a promoter or as an added fuel. 

( 7 ) If the additive is Incomhustihle and the lean side of the addi- 
tive curve lies inside the reference curve, the additive may he acting 
either as an inert gas or as a chemical inhihltor of flame-propagation 
reactions . 

(8) If the additive is combustible and the rich portion of the addi- 
tive curve lies inside the reference ctirve, the additive may he acting 

as added fuel or as a chemical inhihltor. 

( 9 ) If the additive is incombustihle and the rich portion of the 
additive curve lies inside the reference curve, the additive may he act- 
ing as an inert gas or as a chemical inhibitor. 

The instances in which the additive is combustihle and causes hoth 
lean and rich limits to occur at lower propane concentrations (cases (6) 
and (8)) were analyzed hy means of the law of Le Chat elder, or mixture 
rule. The object was to determine whether the displacement of the limits 
coiild he accounted for wholly hy the contribution of the additive to the 
fuel content of the mixture. 


The mixture rule was formulated to deal with the flammability limits 
of mixed f-uels at atmospheric pressure (ref. 7). It states that a simple 
additive relation exists between the proportions of the fuels in a lean- 
limit mixture, as expressed in the following equation; 



Cl) 


where 

n^, ng percentages of each gas in a lean-limit mixture of the two in 
air, at atmospheric pressure 

percentage of first gas at lean limit in air, at atmospheric 
pressure 

Ng percentage of second gas at lean limit in air, at atmospheric 

pressure 
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The assumptions that the fuels "bum similarly and that they do not In- 
terfere with one another are inherent in equation (l). The validity of 
equation (l) has been tested for a large number of mixtures at atmos- 
pheric pressure (ref. 7). It has been found that the rich limits as 
well as the lean limits obey this rule in many Instances, However, 
large deviations are sometimes found, and these dre indicative of depar- 
ture from the assumptions of similar and independent combustion of the 
two f-uels. 

In the present work, the mixture rule was applied to the low-pressure 
limits of flame propagation in prqpane-air mixt\ires containing 0.5 per- 
cent combustible additive rather than to the flammability limits at at- 
mospheric pressure. In egriatlon (l), ng was set equal to 0.5, the addi- 
tive concentratlonj and the values of and Hg were read from curves 

of pressure limit against volume-percent propane or additive in air at a 
given pressure. The expression was solved for n^^ the concentration of 

propane in a mixture of propane, additive, and air whose pressure limit 
of flame propagation in a 3.73-centimeter-diameter tube is the specified 
presExire. The calculated valxie of nj_ was then conpared with the ex- 
perimentally observed valtie. 


EESULTS 

Propane -Air Mixtttres 

It was first necessary to ascertain whether the pressure limits of 
propane-air mixtures determined in the modified flame txibe agreed with 
previoxis resxxLts. The cxirve of pressxire limit against xralxnne percent of 
propane in air is presented in figxore 2. It is interesting to note that 
the cxrrve does not contain irregular lobes on the rich side such as were 
foxmd in the coxirse of work on the effects of flame-txibe diameter on 
pressxxre limit (ref. 5) . The flame txibes xosed in the previoxis investi- 
gation differed from the one used in the present investigation in two 
ways: (l) the propagation section was IjOO centimeters long, instead of 

50 centimeters; (2) the .Jxmctxire of the ignition and propagation sections 
•was tapered, instead of abrupt. The same capacltance-i^ark ignition 
source was xised in both cases. 

It shoxild be emphasized that the irregxilar lobes described in ref- 
erence 5 do not correspond to the lobes reported in reference 8 and 
ascribed to the occurrence of cool flames. The cool-flame lobe reported 
in reference 8 for propane appeared in mlxtxjres richer than 7.2 percent 
propane by volxmie (the richest mixtxire stxidied in the present ■work con- 
tained 7.28 percen"t propane). The irregularities sho'wn in reference 5 
appeared in mixtxares leaner than 7,2 percent propane. It was therefore 
conclxided that the anomalies in reference 5 were probably dxxe to the 
effects of aerodynamic distxjrbances on the flame front. 
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It is not known which of the two modifications in flame-tube design 
was responsible for the elimination of the irregularities reported in 
reference 5 and the resiilting smooth curve shown in figure 2. In any 
event, the present curve is similar to curves of fuel concentration 
against q^uenching distance measured by the minimum slit width for flash- 
back of a B\msen flame (ref. 9). The correspondence of the critical 
tube diameters for flame propagation, obtained from pressure-limit mea- 
surements, and the minimum slit widths of reference 9 is established in 
reference 5. It is shown that the slit widths are about 0,7 times the 
critical tube diameters for lean propane-air mixtures. With the present 
data, this relation is also found to hold for somewhat rich mixtures. 

The following table shows val^les of the ratio of minimum slit width for 
flash-back to critical tube diameter (3.73 cm) at corresponding pressures 
and propane concentrations. 


Pressure, 
mm Hg 

(a) 

Propane , 
percent 

■by 

volume 

(a) 

Minimum slit 
width for 
flash-back, 
cm 
(b) 

Ratio of 
minimum 
slit width 
to critical 
diameter 

70 

3.00 

2.45 

0.66 

52 

3.50 

2.33 

.62 

43 

=4.03 

2.47 

.66 

47 

5.00 

2.47 

.66 

54 

5.50 

2.63 

.71 


®Fig. 2. 

^ef. 9. 
^Stoichiometric . 


The values in this table are within the range of values, 0.49 to 0.78, 
given in reference 10 for the ratios of slit width to tube diameter for 
flash -back of a Bunsen flame in propane -air mixtures over the same range 
of concentrations. This result once again emphasizes that the low- 
pressure limits of flame propagation of propane-air mixtiires may be gov- 
erned by quenching. 


Propane -Air-Additive Mixtures 

Curves of pressure limit in a 3.73-centlineter-diameter tvbe against 
volume percent propane, for the mixtures containing 0.5 volume percent 
of additive are presented in figure 3. The propane concentration is 
based on the total mixture. Each curve is accompanied by the curve for 
propane and air alone, so that the effect of the additive on the low- 
pressure limits of flame propagation may be readily seen. 


3063 




NACA EM E53I29 


9 


Propane, air, and 0,5 percent ethylene . - Figure 3(a) shows the 
effect of 0.5 percent ethylene on the low-pressure limits of flame propa- 
gation of propane-air mixtures. Ethylene was chosen "because it was ex- 
pected to act simply as an added hydrocarhon fuel, and the curve should 
serve as a basis for conparison to detect promoting or inhibiting effects 
of other conibuatible additives. Figure 3(a) shows that, as anticipated, 
the lean limits are broadened and the rich limits are narrowed by the 
presence of the added conibustible. 

Propane, air, and 0.5 percent ethyl nitrate (C 2 H 5 ONO 2 ) . - It has 
been reported that ethyl nitrate broadens the rich limit of butane in 
air at atmospheric pressure (ref. 3). Inasmuch as ethyl nitrate is a 
comb^lstible, it should have ■^e opposite effect, as does ethylene. The 
oxygen contained in the umlecule is not sufficient to oxidize the added 
ethyl nitrate to carbon monoxide and water, let alone sufficient to pro- 
vide extra oxygen for the conib\istion of butane. It must therefore be 
concluded that ethyl nitrate acts as a flame promoter in rich butane- 
air mixtures. Flgiare 3(b) shows that this material also promotes propa- 
gation in rich propane-air mixtures at reduced presstires ; the pressure- 
limit ctirye for propane, air, and ethyl nitrate lies outside the 
propane -air curve on the- rich side. 

Propane, air, and 0.5 percent chloroplcrln (CCI 3 NO 2 ). - Ashmore and 
Eorrlsh found that chloroplcrln was a sensitizer for thennal easploslons 
of hydrogen-oxygen and hydrogen-chlorine mixtures. Under some circum- 
stances, however, it could also act as an inhibitor, presumably because 
of the formation of nitrogen oxychloride (EOCl) by decomposition of the 
chloroplcrln at higher tenperatures (refs. 11 and 12). Figure 3(c) 
shows that chloropicrin promotes flame propagation in rich propane-air 
mixtures; this effect appears to be quite strong. The limits of lean 
mlxt-ures, on the other hand, fall inside the propane-air cttrve. In these 
cases, chloropicrin seems to act as an inert gas or as an inhibitor. 

Propane, air, and 0.5 percent hydrogen . - The flammability charac- 
teristics of hydrogen as a fuel and as an additive in mixtures at atmos- 
pheric pressure are described in reference 7. The conpositlon limits of 
hydrogen in air at atmospheric pressure are unusually broad, 4.0 to 75 
percent by volume. Such an easily flammable fuel might be expected to 
exert a promoting effect on flame propagation when added to hydrocarbon- 
air mixtures. Nevertheless, it was found that the effect of added hydro- 
gen on the lean limits of the saturated h 3 rdrocarbons methane and ethane 
at atmospheric pressure is sinply that of an added fuel. In the case of 
the unsaturated compound, ethylene, hydrogen Inhibits flame propagation 
in lean mixtures. 

The effects of hydrogen on the limits of propane-air mixtures at 
reduiced pressures are shown by figure 3(d) . It is seen that the addition 
of 0.5 percent hydrogen broadens the limits of lean mixtures slightly, as 
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■woTold be expected if the hydrogen acted as added fijel. In rich mixtures, 
the additive curve, as drawn, at first lies Just o\itside the propane-air 
ctJTve, from approximately 4,5 to 6.5 percent propane. In view of the 
ejqperlmental uncertainty in the preBB^3re-limit measurements, it would 
perhaps he more correct to state that the additive curve virtually coin- 
cides with the reference curve in this concentration range. In either 
case, hydrogen behaves as if it were promoting flame propagation in these 
mixtures j it is an added fuel and should therefore cause the rich side 
of the additive curve to fall inside the propane-air reference curve. 

The additive curve crosses the propane-air curve at about 6.5 percent 
and lies within it for richer mixtures j that is, the hydrogen behaves as 
if it were an added fuel in these mixtures. 

Propane, air, and 0.5 percent hydrogen sulfide . - Figure 3(e) shows 
that 0.5 percent hydrogen sulfide affects the pressure limits of propane- 
air mixtures qualitatively in much the same way as does hydrogen. 

Propane, air, and 0.5 percent carbon disulfide . - The appearance of 
the additive curve in figure 3(f) is qualitatively almost the same as in 
figures 3(d) and 3(e). 

Propane, air, and 0.5 percent methyl bromide . - Recent experiments 
have shown that 0.5 percent methyl bromide narrows the composition range 
of flammability at atmospheric pressure in the case of ethylene, methane, 
and n-hexane (ref. 13). Figure 3(g) shows that the same effect holds 
with propane -air mixtures at reduced pressures. The entire additive 
curve lies inside the propane-air curve; this indicates that methyl bro- 
mide inhibits flaane propagation in both rich and lean mlxt-ures. In 
addition, the minimum pressure for flame propagation is markedly in- 
creased, from 42 to 51 millimeters of nffircury. Methyl bromide was the 
only additive tested that had a definite influence on the minimum of the 
pres sure -limit cinve. Under certain conditions, mixrt\ires of methyl bro- 
mide and air are capable of propagating flame at atmospheric pressure 
within narrow concentration limits if a very strong source is provided 
to ignite the flammable mixt-ures (ref. 7). Thus, although this additive 
is capable of acting as an added fuel, the lean side of the curve in fig- 
ure 3(g) shows that it does not do so in propane-air mixtures. 


Discussicssr 

Pressure limits of additive -air mixtures . - The previous section 
described qualitatively the effects of seven additives on the low-pressure 
limits of flame propagation of propane-air mixtures. Definite statements 
as to promoting or inhibiting action were confined to cases in which the 
rich or lean sides of the additive curves lay to the right of the corres- 
ponding llnibs of the propane-air reference curve. The instances in which 
the additive is combustible and causes both lean and rich limits to occur 
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at lower propane concentrations remain to "be discussed. It Is of Inter- 
est to determine whether the displacement of the limits can he explained 
wholly hy the contribution of the additive to the f\iel content of the 
mixture. This was done with the aid of the mixture rule, equation (l). 

The values of were obtained from figure 2. The pressure limits 

of the additives in air had not previotisly been determined by the present 
technique j it was therefore necessary to measure them in order to obtain 
o the desired values of Wp. These determinations were made for mixtures 

CTJ 

^ of ethylene, ethyl nitrate, hydrogen sulfide, and carbon disulfide in 

air; the curves of pressure limit against volume percent additive in air 
are presented in figure 4. With the exception of the ethylene -air curve, 
the rich sides of the curves are not complete because of physical limi- 
tations. In the case of ethyl nitrate, the vapor pressure at room tem- 
perature limited the concentration that could be obtained; in some rich 
mixtures of hydrogen sulfide with air and carbon disulfide with air, 
ignition difficulties were encountered with the capacitance spark. The 
two-lobed curve for hjrdrogen sulfide (fig- 4(c)) was the only one of 
this type observed in this investigation. 

Chloropicrln and methyl bromide were considered nonflammable, and 
no attempt was made to measure pressure limits. 

One pressure limit was determined for a mixture of 6.89 percent by 
volume hydrogen in air. The limit found was 77 millimeters of mercury. 
Flames propagating in this lean mixture were virtually nonluminous ; they 
had to be observed in a con^jletely darkened room after the eyes had be- 
come somewhat adapted to the darkness. It was also necessary to shield 
the eyes from the brilliant flash of the ignition spark. The .lean limit 
of hydrogen in air at 1 atmosphere is 4.0 percent (ref. 7). The pres- 
sure limit of 30 percent hydrogen in air in a 3. 73-centlmeter -diameter 
tube was estimated from the quenching -distance data of reference 1 by 
use of the relation between quenching distance and critical ttibe diameter 
for flame propagation pointed out in reference 5. This limit was esti- 
mated to be 7 to 8 millimeters of mercury. In view of the experimental 
difficulties in the measurement of hydrogen-air pressure limits, the 
matter was not pursued further, and these three points were taken to de- 
fine the pres sure -limit curve in an approximate fashion. The data are 
summarized in the following table: 


Hydrogen in air, 
percent by volume 

Pressure limit in 
3.73-cm-diam. tube, 

TTTm TTg 

4.0 

760 (ref. 7) 

6.89 

77 (measured) 

30 

7-8 (estimated from 


data of ref. l) 
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Ccaaparlson of calculated and observed pressure limits of propane , 
air, and 0.5 percent additive . - The ohserved pressure limits of propane- 
alr-addltive mixtures are compared in figure 5 w^jlth those calculated hy 
the mixture rule. The calculated limits are shown hy the solid curves. 
The ohserved limits are shown hy the curves of figure 3 which are in- 
serted as dashed lines for conparlson. The calculated limit curves were 
constructed from values of n]_, the percent propane in the lean-limit 

mixture of propane, air, and 0.5 percent additive, calculated hy means 
of equation (l). Conparlson of the lean sides of the calculated curves 
with the ohserved limits in figures 5(a) to (d) shows that the mixture 
rule holds quite well at reduced pressures for lean-limit mixtures of 
propane and air containing 0.5 percent hy volume ethylene, ethyl nitrate, 
hydrogen, or hydrogen sulfide. The hest agreement between experiment 
and the predictions of the mixture rule is shown hy the mixtures con- 
taining ethyl nitrate or hydrogen. The curves for the ohserved pres- 
B'ure limits of lean mixt\ires containing ethylene or hydrogen sulfide lie 
uniformly inside the calculated cvirves. The deviations in limit 

concentration are Rmnll along the more vertical portions of the curves 
and become fairly definite near the minimum (figs. 5(a) and (d)). Some 
slight inhibitory action of ethylene and hydrogen sulfide on flame prop- 
agation in lean propane-air mixtures may he indicated. However, none of 
the four additives had any striking effect, either of promotion or in- 
hibition; and the broadening of the lean limits noted in figures 3(a), 
(h), (d) , and (e) is seen to he very neeirly explainable hy the contribu- 
tion of the additives to the fiiel content of the mixtures. 

The ohserved and predicted limits of lean mixtures of propane, air, 
and 0.5 percent carbon disulfide are conpared in figure 5(e). The ex- 
perimental curve lies far within the predicted curve; the addition of 
0.5 percent hy volinne carbon disulfide thus appears to have a strong 
inhibitory effect on the pressure limits of lean propane -air mixtures. 

The limits of mixtures of carbon disvtlfide with ether, benzene, acetone, 
and acetaldehyde at atmospheric pressure do not obey the mixture rule 
(ref. 7). 

The magnitude of the Inhibitory effect .of carbon disulfide may be 
determined with the aid of the mix±^Ire rule. Valiies of n^_, the percent 

propane in lean-limit mixtures of propane, air, and 0.5 percent carbon 
disulfide, were read from the pres sure- limit curve, figure 3(f). These 

ni no 

values were used to compute the sum ^ + — . According to equation (l), 

this sum equals unity if the mixture behaves ideally. If the sum is 
greater than unity, inhibition is indicated in the case of lean-limit 
mixtures; that is, the limit mixture must contain more propane than 
predicted by the mixture rule in order for the flame to propagate. In 
order to emphasize that carbon disulfide has an inhibitory effect in 
lean propane -air mixtures, the values of the sum were subtracted from 
■unity to give negative numbers. 
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On the assxmiptlon that the sll^t hut uniform discrepancies between 
calciilated and observed lean limits shown by ethylene and hydrogen sul- 
fide (figs. 5(a) and (d)) indicate inhibition, the preceding calculation 
was aJao carried out for these two additives, The results are summarized 
in table I. Ethylene and hydrogen sulfide are seen to inhibit flame 
propagation at reduced pressures in lean mixtures to the extent of 3 to 
4 percent. The inhibition due to carbon dis^alflde is much larger, of the 
order of 20 percent. 

Reference 14 reported that 0.5 percent hydrogen sulfide in propane- 
air mixtures inhibited the TnaviTmiTn burning velocity by about 3 percent; 
the effect was evaluated by means of a mixture rule analogous to the one 
aised in this Investigation. In the case of this additive, therefore, 
the effects on both conibustion properties are in accord. However, ref- 
erence 14 showed that 0.5 percent ethylene in propane-air mixtures did 
obey the mixture rule; the present results do not agree with this con- 
clusion. On the other hand, recent studies of the stability of flames 
in mixtures of propane, ethylene, and air indicated that the mixture 
male is not always obeyed by these foiels (ref. 15). A slight suggestion 
of inhibition was reported. The possible significance of the calculated 
inhibitory effects of ethylene and hydrogen sulfide, as presented in 
table I, therefore remains in doubt. 

Ethylene and hydrogen sulfide were the only two additives for which 
the necessary data were obtained to test the application of the mixture 
mole to rich mixtures. Figures 5(a) and (d) show that the predicted 
rich limits corre^ond to the experl mental ones reasonably well in view 
of the fact that the mixture rule was originally intended to apply to 
lean limits. 

Ho attenpt was made to calculate the pressure-limit curves in the 
region close to the minimum, becaiose of two difficulties: (l) The mini- 

mums of the propane-air and additive-air limit curves did not occtrr at 
the same pres sure ; ( 2 ) the minimums did not occur at the same percentage 
of stoichiometric. Therefore, uncertainty existed as to the proper 
values of H^l and H 2 to choose for the calculation. 

Evaluation of effects of chloropicrin and methyl bromide on pressure 
limits of propane-air mixtures . - Figures 3(c) and (g) show that chloro-~ 
picrin and methyl bromide, respectively, have a definite inhibitory effect 
on the pressure limits of lean propane-air mixtures, since the lean sides 
of the curves for these additives lie to the right of the reference 
propane-air curve. It seems reasonable to assume that both of these addi- 
tives may be considered Incombustible ; thoos, their action cannot be due 
to a greater affinity for oxygen than propane possesses. Two possibili- 
ties remain; 
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(1) The additive may act simply as an inert gas that replaces part 
of the oxygen in the mixture. 

( 2 ) The additive may act in a specific chemical manner to inhibit 
the combustion reactions of propane. 

The first of these possibilities was checked by measuring the pres- 
s\are limits in propane-air mixtures containing 0.5 percent inert gas. 

P\ire nitrogen (99.9 percent) was chosen. The results are presented in 
figure 6, together with the reference propane -air curve. It will be 
seen that the added nitrogen has no appreciable effect on the pressure 
limits of any mixture studied. The curves for propane, air, and 0.5 
percent chloropicrin and for propane, air, and 0.5 percent methyl bro- 
mide are also reproduced in figure 6 . Comparison shows that the effects 
of these additives are much greater than that of nitrogen. It might be 
argued that the heat capacities of chloropicrin and methyl bromide are 
considerably greater than the heat capacity of nitrogen, so they should 
be more effective inerts. However, in view of the low additive concen- 
tration, it is believed that this is an unimportant consideration. It 
is therefore concluded that chloropicrin acts in a specific chemical 
manner to inhibit flame propagation at reduced pressures in lean propane- 
air mixtures (although it is a promoter in rich mixtures) ; methyl bro- 
mide has a chemical inhibitory effect in both lean and rich mixtures - 

SUMMARY OP RESULTS 

Seven additives in 0.5- volume -per cent concentration were studied to 
determine their effects on the low-pressure limits of flame propagation 
of propane -air mlxt-ures, with the following results: 

1. Of the seven additives tested, none was found to promote flame 
propagation in lean mixt'ures at reduced pressure more than could be ex- 
plained by the contribution of the additive to the total fuel in the 
mixture . 

2. No additive was found that significantly lowered the minimum 
pressure for flame propagation. 

3. Two additives - ethyl nitrate and chloropicrin - were definite 
promoters of flame propagation in rich propane-air mixtures. 

4. Of the combustible additives tested, ethylene and hydrogen s-ul- 
fide appeared to inhibit flame propagation in lean mixtures to a slight 
degree. Carbon disulfide was a marked inhibitor. 

5. Both chloropicrin and methyl bromide inhibited flame propagation 
in lean mixtures. Methyl bromide also increased the minimum pressure for 
flame propagation and inhibited propagation in rich mixtures. The 
effects were too large to explain in terms of dilution by an inert gas. 
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CONCLUSIONS 

Thp following concliosions may be drawn from this study: 

1. The Le Chatelier law may be applied to the limits of flame prop- 
agation at reduced pressures for some mixed fuels. 

2. Chloropicrin has a chemical inhibitory action on flame propaga- 
tion in lean propane-air mixtures at reduced pressures, even. though it 
is a promoter in rich mixtures. Methyl bromide is a chemical inhibitor 
in both lean and rich mixtures. 

3. Carbon disulfide inhibits flame propagation in lean propane-air 
mixtures to the extent of about 20 percent, as shown by deviations from 
Le Chate l ier ’ s law. 


Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, October 1, 1953 
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Figure 1. - Flame tube for measurement of low- 
pressure limits of flame propagation. 
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Figure 2. - Pressure limits of flame propagation of propane- 
air mixtures in 3.73-centimeter-dlameter tube. 
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(a) Ethylene, 0.5 volume percent. 


Figure 3. - Effecta of additives on low-pressure limits of flame 
propeigatlon in propane-air mixtures in 3. 73-centlmeter-diameter 
tube. 
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(b) Ethyl nitrate, 0.5 volume percent. 

Figure 3. - Continued. Effects of additives on low-pressure limits 
of flame propagation in propane -air mixtures in 3,73-centimeter- 
dlameter tube . 
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Propane In mixture, percent lay volume 

(c) Chloroplcrln, 0.5 volume percent. 

Figure 3. - Continued. Effects of additives on low-pressure limits 
of flame propagation In propane-air mixtures In 3.73-centlmeter- 
dlameter tube. 
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Propane In mixture, percent "by volume 
(d) Hydrogen, 0.5 volume percent. 

Figure 3. - Continued. Effects of additives on low-pressure limits 
of flame propagation In propane-air mixtures in 5. 73-centimeter- 
diameter tute. 
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(e) Hydrogen sulfide, 0.5 volime percent. 


Figure 3. - Continued. Effects of additives on low-pressure limits 
of flame propeigation In propane-air mixtures In 3.73-centimeter- 
dlameter tute. 
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(f) Carljoii disulfide, 0.5 volume percent. 

Figure 3. - Continued. Effects of additives on low-pressure limits 
of flame propagation in propane-air mixtures in 3.73-centimeter- 
diameter tute. 
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Propane in mixture, percent "by volume 


(g) Methyl hromlde, 0.5 volume percent. 

Figure 3. - Concluded. Effects of additives on low-pressiire limits 
of flame piopagatlon In propane-air mixtures In 3.73-centimeter- 
diameter tube. 
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(a) Ethylene-air mixtvires. 

Figure 4. - Low-pressure limits of flame propagation in additive-air mixtures 
in 3.73-centimeter-diameter tube. 
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Ethyl nitrate in air, percent stoichiometric 
(h) Ethyl nitrate - air mixtures. 

Figure 4. - Continued. Low-pressure limits of flame propagation in 
additive-air mlxtiares in 3.73-centlmeter-diameter tube. 
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(c) Hydrogen sulfide - air mixtures . 

Figure 4. - Continued. Lov-pressure Umlts of flame propagation in addltive-alr mixtures 
in 3.75-centlmeter-diameter tube. 
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(a) Ethylene; 0,5 volume percent. 


Figure 5. - Comparison of calculated and observed pressure 
limits of flame propagation of mixtures of propane, air; 
and 0.5 percent additive. 
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Propane in mixture, percent by volume 


(b) Ethyl nitrate, 0.5 volume percent. 

Figure 5. - Continued. Comparison of calculated and observed 
pressure limits of flame propagation of mixtures of propane, 
air, and 0.5 percent additive. 
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(c) ^drogen, 0.5 volume percent. 


Figure 5. - Continued. Comparison of calculated and observed 
presBure limits of flame propagation of mlxtirres of propane, 
air, and 0.5 percent additive. 



Propane In lnlxt^i^e, percent "by volume 

(d) Hydrogen sulfide, 0.5 volume percent. 

Figure 5. - Continued. Comparison of calculated and observed 
pressure limits of flame propagation of mixtures of propane, 
air, and 0.5 percent additive. 
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(e) Carbon disulfide, 0.5 volume percent. 

Figure 5. - Concluded. Comparison of calculated and observed 
pressTire limits of flame propagation of mixtures of propane, 
air, and 0.5 percent additive. 
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Figure 6. - Effect of 0.5 volume percent nitrogen on pressure limits 
of flame propagation of propane-air mixtures. 
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